I. INTRODUCTION
The AlGaN/GaN material system continues to show great potential for the fabrication of high-power microwave transistors. High electron mobility transistors ͑HEMTs͒ grown either by metalorganic chemical vapor deposition ͑MOCVD͒ or molecular beam epitaxy ͑MBE͒ have demonstrated very good power performance in recent years. [1] [2] [3] [4] [5] High quality semi-insulating GaN buffer layers are essential for realizing good device performance and sharp current pinch-off in HEMTs. Unintentionally doped ͑UID͒ GaN grown by both MOCVD and MBE typically exhibits some degree of n-type conductivity, presumably due to unintentional oxygen or silicon doping, which can result in buffer leakage in GaN-based electronic devices.
It is now recognized that the introduction of intentional compensating centers can be a practical route for realizing semi-insulating GaN. In MOCVD-grown GaN, intentional iron doping has been used to produce highly resistive buffers for HEMTs. 6 Recent approaches for producing semiinsulating GaN by MBE have included the introduction of deep levels via carbon doping [7] [8] [9] or beryllium doping. 10 Carbon is an interesting impurity in GaN, as it is one of the most common unintentional impurities in the III-nitrides ͑along with oxygen and hydrogen͒ and because it may show amphoteric behavior. Recent theory work by Wright, 11 which is supported by experiment, 12 demonstrates that when the Fermi level E F is close to the conduction band, the formation of the shallow acceptor C N is favorable for all growth conditions, whereas when E F is close to the valence band, it is favorable to form either the shallow donor C Ga or a carbon interstitial complex. Since most GaN layers show unintentional n-type conductivity, carbon may be a very effective compensating acceptor.
In this work we explore the effect of carbon doping on buffer leakage in AlGaN/GaN HEMT structures grown by rf-plasma-assisted MBE. We have recently shown that CBr 4 is an effective source for carbon doping in GaN MBE growth. 9 Using CBr 4 , carbon levels greater than 10 18 cm
Ϫ3
can be readily realized without any measurable change of the GaN growth morphology. We have not been able to detect any measurable bromine incorporation in our GaN. In this paper, we demonstrate a significant decrease in buffer leakage for structures including carbon-doped GaN in the buffer structure and begin to explore the subsequent effects of the presence of carbon in the buffer on rf device characteristics.
II. EXPERIMENT
The nitride MBE growth reported here was performed in a Varian Gen II MBE system. The active nitrogen was supplied by an AppliedEpi Unibulb rf-plasma source utilizing ultrahigh purity nitrogen ͑99.9995% purity͒, further purified by an inert gas purifier ͑Aeronex, San Diego, CA͒ at the rf-plasma source gas inlet. Conventional effusion cells were used to provide the group III elements and carbon was introduced utilizing a CBr 4 gas delivery system ͑AppliedEpi͒. Carbon doping levels in the HEMT buffers were determined based on a secondary ion mass spectroscopy ͑SIMS͒ calibration sample grown under identical conditions to the HEMT buffers.
The HEMT structures were grown on semi-insulating 4H-SiC substrates commercially available from Cree, Inc. Prior to MBE growth the substrates received a chemical mechanical polish ͑CMP͒ treatment by NovaSiC, Inc. A 0.5 m titanium film was deposited on the backside of the wafer to provide efficient heat transfer. Quarter-wafer pieces of the substrate were mounted for growth on molybdenum sample holders. The substrate temperature was monitored by an optical pyrometer and the readings were calibrated to the temperature dependence of Ga desorption. Before growth, the substrates were exposed to three cycles of Ga deposition and desorption to clean the surface from oxides. 14, 15 The growth was initiated with a 45 nm AlN nucleation layer deposited at ϳ740°C with a III/V ratio close to Al droplet formation. The surface of the AlN grown under these conditions was smooth and showed a characteristic monolayer high step-terrace structure. Temperature variations over the sample resulted in Al droplets in cooler areas and no droplets in hotter areas. After AlN growth, with the Al and N shutters both closed, the substrate temperature was reduced to ϳ715°C and GaN growth was initiated. A two-step growth scheme was used to control dislocation density in a similar manner as reported by Manfra et al. 16 We have established a buffer growth scheme that allows us to achieve reproducible dislocation densities on the order of 2 -3ϫ10 10 cm Ϫ3 , as determined by plan view transmission electron microscopy ͑TEM͒. Further details on our buffer growth will be published elsewhere. 17 Finally, a 30 nm thick Al 0.30 Ga 0.70 N cap was deposited. The samples were analyzed using high resolution x-ray diffraction and the cap composition was calculated based on the peak separation between the GaN and AlGaN peaks in 2-scans, assuming coherently strained AlGaN layers. 18 As the samples were grown near the crossover from the intermediate to Ga-droplet regime, 13 small temperature variations over the sample typically resulted in the formation of Ga droplets in some areas of the sample. Excess Ga and droplets were etched off post-growth using HCl.
HEMT structures with a drain-source spacing of 3.4 m, a gate length of 0.7 m, and gate width of 150 m were fabricated utilizing standard processing steps. Ohmic contacts consisting of a Ti/Al/Ni/Au metal stack were deposited and alloyed at 870°C in a nitrogen atmosphere. Mesa isolation was performed using a BCl 3 /Cl 2 reactive ion etch, then Ni/Au/Ni gates were deposited. Finally, the samples were passivated using SiN deposited by plasma-enhanced CVD and contacts were made to the source, gate, and drain by etching the SiN in a CF 4 plasma. Hall test patterns were not fabricated on the samples discussed in this article, although samples grown under similar conditions exhibited Hall mobilities in excess of 1400 cm 2 /V s and sheet carrier concentrations of ϳ1ϫ10 13 cm Ϫ2 . Buffer leakage was studied by measurement of drain-source I -V curves on isolation patterns consisting of HEMT structures with the twodimensional electron gas ͑2-DEG͒ etched away at the gate region. We report the drain-source voltage necessary to realize 1 mA/mm drain-source current on the etched isolation patterns. This leakage current was chosen as a point of comparison because it is three orders of magnitude lower than typical 2-DEG currents ͑1 A/mm͒, and thus is sufficiently low for device operation. To take into account changes in growth conditions across the sample due to variations in substrate temperature, several isolation patterns were measured across each sample and the average result is reported.
III. RESULTS
Three identical structures were grown to investigate the impact of carbon doping level on buffer leakage, as shown in Fig. 1͑a͒ . The GaN:C layer in each structure was split into three regions ͓labeled ''A,'' ''B,'' and ''C'' in Fig. 1͑a͔͒ over which the carbon doping level was sequentially decreased. The thickness of each GaN:C layer was held constant at 100, 200, and 100 nm for regions A, B, and C, respectively. The thickness of the UID-GaN layer was also held constant at 300 nm, giving a total structure thickness of 0.7 m. Figure  1͑b͒ shows the drain-source I -V curves from isolation patterns on each sample in this study, with carbon doping levels in each layer ͓in reference to Fig. 1͑a͔͒ indicated in the figure . A significant decrease in leakage current was observed with increasing carbon concentration. The voltage at which 1 mA/mm of leakage current is reached was Ͻ5 V in the sample with the lowest overall level of carbon doping, which is similar to undoped structures. ͑Capacitance-voltage mea-FIG. 1. ͑a͒ Representative HEMT structure with GaN:C ͑shaded area͒ included in the buffer, where ''A'' ͑100 nm thick͒, ''B'' ͑200 nm thick͒, and ''C'' ͑100 nm thick͒ denote layers with varying levels of carbon doping. The UID-GaN layer thickness was 300 nm. The doping levels for each layer are indicated by the sample in ͑b͒. ͑b͒ Dependence of the drain-source leakage current on the carbon doping level. The dashed line is a guide for the eye representing 1 mA/mm of leakage current as a point of comparison between samples.
surements on UID HEMTs with identical structures revealed a UID doping level in the mid-10 15 cm Ϫ3 range.͒ By increasing to the highest overall level of carbon doping, this voltage was increased to 80 V.
The impact of the total thickness of the GaN:C layer on leakage was also investigated and the results are shown in Fig. 2 . The sample structures were similar to the schematic in Fig. 1͑a͒ , with a sequentially decreasing carbon doping level from 6ϫ10 17 to 2ϫ10 17 cm Ϫ3 over three layers A, B, and C, and a constant 300 nm of UID-GaN grown on top. The thicknesses of layers A, B, and C were kept at a constant ratio of 1:2:1. The total thickness of carbon doped material was varied from 275 to 600 nm and the drain-source leakage was again measured on isolation patterns. As shown in Fig. 2 , the sample with the thinnest GaN:C layer had the highest leakage, measuring 1 mA/mm at only 5 V. In contrast, the two samples with thicker GaN:C layers did not yield 1 mA/mm leakage current until 75-80 V bias was applied.
Using the GaN:C buffer structure that exhibited the lowest leakage from Fig. 1͑b͒ , the impact of the thickness of UID-GaN on buffer leakage was then investigated. Structures were grown with 0.3 and 1 m of UID-GaN on top of the GaN:C layer and the results of leakage measurements on isolation patterns are shown in Fig. 3 . As demonstrated in the figure, 1 mA/mm leakage current was not reached until Ͼ80 V was applied to either sample. Since the leakage current did not increase even when measuring through 1 m of UIDGaN material, this indicates that the GaN:C layer employed in this structure was sufficient to overcome unintentional doping in the structure. Because both structures exhibited similarly good dc leakage characteristics, the effect of proximity of the GaN:C layer to the 2-DEG interface was then investigated through rf I -V and power measurements. In the sample with 0.3 m UID-GaN beneath the 2-DEG, power measurements at 4 GHz and a drain bias of 35 V yielded an output power density of 4.2 W/mm with a power-added efficiency ͑PAE͒ of 19.5%. In addition, 4 GHz rf I -V curves showed significant knee walkout. In the sample with 1 m UID-GaN beneath the 2-DEG, power measurements at 4 GHz and a drain bias of 35 V revealed an output power density of 6.6 W/mm with a PAE of 57%. 19 The 4 GHz rf I -V measurements for this sample are shown in Fig. 4 , demonstrating negligible knee walkout. This is still under further investigation, but at present we attribute this reduction in knee walkout to reduced buffer dispersion as a result of the increased distance from the GaN:C layer to the 2-DEG interface. At 10 GHz and a drain bias of 40 V, this device exhibited an output power density of 7.3 W/mm and a PAE of 36%.
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IV. DISCUSSION
The difficulty in combating buffer leakage in direct-grown HEMT structures is that the magnitude and origin of the unintentional free carriers in the structure are not well known. Unintentional free carriers may form in the GaN near the interface with the underlying AlN or the full buffer layer having residual free carriers. The aim and design of these experiments was therefore twofold: to reduce buffer leakage via carbon doping and to clarify the possible origin and magnitude of unintentional free carriers. Figure 1͑b͒ demonstrates that for carbon doping over 400 nm at the beginning of the structure, leakage was not significantly reduced until a tapered carbon scheme beginning at a doping level of 6 ϫ10 17 cm Ϫ3 of carbon doping was used. It is also interesting to note from this figure that the large improvement in the observed dc I -V characteristics corresponded to a relatively small change in the carbon doping level ͑from 2ϫ10 17 to 6 ϫ10 17 cm Ϫ3 initial doping levels͒. Preliminary data from samples doped with higher, constant carbon levels had essentially identical leakage characteristics to those with tapered carbon doping profiles. Figure 2 demonstrates that at least 400 nm of carbon-doped material must be used to suppress leakage. Increasing the thickness of GaN:C beyond 400 nm did not change the leakage characteristics. Collectively, from this data alone, we cannot conclude whether the free carriers responsible for the leakage are associated with GaN near the GaN/AlN interface or are continuously distributed throughout the GaN buffer.
The results shown in Fig. 3 , however, suggest that the free carriers originate near the GaN/AlN interface. If the UIDGaN was extremely leaky ͑e.g., exhibiting 1 mA/mm leakage current at 5 V bias͒, we would expect to measure higher leakage currents after growth of 1 m of UID material, and this was not observed. To further test this idea, structures were grown in which the carbon doping level was increased to 8ϫ10 17 cm Ϫ3 but only the first 100 nm of GaN were doped. These structures were capped with 0.7 m of UIDGaN. Measurements of isolation patterns yielded 1 mA/mm of leakage current at Ͼ80 V. This is consistent with the charge compensation occurring near the GaN/AlN interface and not persisting into the UID-GaN.
Although this result indicates that free carriers in the GaN buffer originate near the GaN/AlN interface, there are still several possibilities of the source of the unintentional dopants. The SiC surface, even after several cycles of Ga adsorption and desorption, may have had residual impurities that subsequently floated on the growing crystal surface and acted as a source of oxygen or silicon donors in the AlN or GaN layers. The AlN was grown under Al-rich conditions, near the transition for Al droplet formation. In our growths, we directly transitioned to GaN growth after AlN growth. Residual Al on the growth surface will be incorporated in preference to Ga in a growing III-nitride layer and thus we may have a Ga-rich AlGaN layer near the nominal GaN/AlN interface. In our previous work, we have shown that AlGaN has markedly higher oxygen affinity than GaN, even under growth with a complete Ga bilayer. 20 Other groups have also studied the dependence of buffer leakage on the Al/N flux ratio during the growth of AlN nucleation layers. Initial results indicate that Al-rich growth of the AlN can result in leaky GaN buffers.
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V. CONCLUSION
In conclusion, carbon doping via CBr 4 has been implemented into buffer structures for high quality HEMTs grown directly on 4H-SiC by MBE. With an appropriate growth structure, we have shown that carbon can be effective in reducing buffer leakage. For carbon doping in the first 400 nm of the structure, a significant decrease in buffer leakage was observed with increasing overall carbon concentration. In such structures, a carbon doping scheme in which the doping level was tapered from 6ϫ10 17 cm Ϫ3 down to 2 ϫ10 17 cm Ϫ3 resulted in sufficiently low drain-source leakage currents ͑i.e., 1 mA/mm at 80 V bias͒. For this carbon doping scheme, ϳ400 nm of GaN:C was also established as the minimum thickness necessary to sufficiently reduce leakage. The free carriers responsible for leakage were apparently located within at least the first 100 nm of the structure based on the observation that the leakage did not change with growth of up to 1 m of UID-GaN on top of GaN:C structures. Preliminary rf I -V and power measurements demonstrated improved performance, however, in those structures in which the GaN:C layer is spaced farther away from the 2-DEG interface. An output power density of 7.3 W/mm ͑36% PAE͒ at 10 GHz and 40 V drain bias was achieved for such a structure with little evidence of knee walkout in rf I -V curves.
